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transport is particularly problematic for liquid phase transformations of bulky or viscous reactants employing conventional microporous catalysts. [1] While nanoparticle catalysts offer enhanced activity, their practical application is restricted due to requirements for energyintensive separation through centrifugation. The challenge of designing high activity catalytic nanoparticles which can be easily recovered is driving the search for magnetically-separable catalysts for use in a range of applications spanning photocatalysis, biomass conversion, environmental pollution control and synthetic organic chemistry. [2] The application of core-shell, magnetically separable silica microspheres has attracted significant interest in recent years due to their magnetic response and versatile derivatization of the silica shell. [3] Such dispersible, nanoscale magnetic solid acid catalysts are particularly attractive for improving product separation/catalyst recovery and associated process engineering of liquid phase biomass transformations including cellulose hydrolysis, [4] fructose dehydration, [5] aldol condensation of 5-hydroxymethylfurfural (5-HMF) with ethanol, [6] oxidation of 5-HMF to 2,5-diformylfuran, [7] and biodiesel production. [8, 9] The development of high activity and readily separable solid acid catalysts for carboxylic acid esterification would be highly desirable in the context of bio-oil upgrading to sustainable fuels.
Bio-oils generated from thermal processing of waste agricultural or forestry biomass are highly corrosive due to the presence of high levels of short chain acids [10] which prohibit its direct use as a fuel. Pre-treatment of the raw pyrolysis bio-oil [11] via solid acid catalyzed esterification to neutralize acetic and propanoic acid components is an energy efficient and atom-economical means to improve bio-oil quality. [12] Catalyst separation from, and molecular diffusion within, A C C E P T E D M A N U S C R I P T viscous bio-oils remains a challenge for this upgrading approach, necessitating porous solid acids with high acid site loadings and a simple property to aid their extraction from the bio-oil.
Conventional routes to prepare magnetically separable catalysts generate materials with nonporous shells, which typically comprise either large (>500 nm), low surface area nanoparticles, [13, 14] or nanoparticle aggregates rather than discrete nanostructures which hinders their derivatization resulting in low active site loadings and associated catalytic efficiency. [15, 16] Analogues possessing mesoporous silica shells have been developed recently as MRI contrast agents [17, 18] and for drug delivery. [19] Here we adapt such methodologies to fabricate the first monodispersed, magnetic core-mesoporous shell solid acid nanocatalysts.
These possess high surface areas (>300 m 2 ·g -1 ), superior mass transport to conventional mesoporous SBA-15 silica counterparts (which suffer from micron-length pore channels), and high sulfonic acid loadings, which in concert afford efficient propanoic acid esterification and subsequent facile magnetic separation.
EXPERIMENTAL

Catalyst preparation
Silica encapsulated magnetic iron oxide nanoparticles were synthesized by adapting the method Sulfonation was performed in toluene as described above.
Catalyst characterization
Structural properties were determined through N 2 porosimetry and transmission electron microscopy (TEM). Nitrogen physisorption was undertaken on a Quantachrome Nova 1200 instrument, with samples degassed at 120 °C for 6 h prior to recording adsorption/desorption isotherms. Brunauer−Emmett−Teller (BET) surface areas were calculated over the relative pressure range 0.01−0.2 (p/p 0 ), while pore size distributions were calculated using the Barrett−Joyner−Halenda (BJH) method applied to the desorption branch of the isotherm.
Scanning transmission electron microscopy (STEM) and high angle annular dark field scanning transmission electron microscopy (HAADF) images were recorded on an aberration corrected JEOL 2100-F electronic microscope operating at 200 kV; equipped with a Gatan Orius SC600A CCD camera. Samples were prepared by dispersion in ethanol and drop-casting onto a copper grid coated with a holey carbon support film (Agar Scientific Ltd). Images were analysed using ImageJ 1.41 software.
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Bulk and surface sulfur loadings were determined by elemental analysis and X-ray photoelectron spectroscopy respectively. The bulk sulfur elemental analysis was performed on a FLASH 2000 CHNS/O organic elemental analyzer. XPS was performed on a Kratos Axis HSi X-ray photoelectron spectrometer fitted with a charge neutralizer and magnetic focusing lens employing Al Kα monochromated radiation (1486.7 eV); spectral fitting was performed using Casa XPS version 2.3.15, with energy referencing to the C 1s peak of adventitious carbon at 284.6eV. S 2p XP spectra was fitted using a common Gaussian/Lorentzian peak shape.
Acid site loadings were determined by thermogravimetric analysis coupled with mass spectrometry (TGA-MS). Samples were first impregnated to wetness with propylamine, and then 
RESULTS AND DISCUSSION
Magnetic hematite nanoparticles encapsulated by a thin, dense silica layer were first prepared following the method of Zhao et al [19] (Figure 1 ) used previously to prepare drug delivery materials. The dense silica (SiO 2 ) layer serves to protect the underlying iron oxide core from leaching in acidic environments and oxidation during the final synthetic step (in which grafted thiols are converted to sulfonic acid groups) which would result in the loss of magnetic response.
Successful genesis of these Fe 2 O 3 @SiO 2 nanoparticles was evidenced by TEM (Figure 1a-b) ,
wherein uniform approximately 80 nm diameter iron oxide cores and thin (~15 nm), dense silica overlayers possessing limited microporosity (Figure S2a-b) , can be readily distinguished.
Formation of a final mesoporous silica shell was achieved through treatment of Fe 2 O 3 @SiO 2 nanoparticles with TEOS and n-octadecyl-trimethoxysilane (C18TMS) and calcined at 550 o C to (Figure S1 ). Figure 1c shows that the resulting materials are monodispersed with a sandwich core-shell structure comprising a dense inner and less dense ~60 nm outer silica shell.
Bright-and dark-field
Porosimetry confirmed that the outer shell imparted mesoporosity to the nanoparticles, associated with the presence of uniform 3 nm diameter mesopore channels ( was subsequently attempted via grafting of (3-mercaptopropyl)trimethoxysilane (MPTS) using either a conventional (toluene) or hydrothermal saline promoted grafting (HSPG) approach [21] prior to thiol oxidation by H 2 O 2 . The HSPG method was recently shown to significantly enhance propyl sulfonic acid loadings over SBA-15 [21] and periodic mesoporous organo-silicas; [22] this work represents its first application to functionalizing core-shell structures. TEM imaging of the Fe 3 O 4 @SiO 2 @mSiO 2 (HSPG) material confirmed retention of the sandwich structure and mesoporous shell following HSPG grafting and energy dispersive X-ray spectroscopy (EDX) confirmed the presence of sulfur (Figure 1d-e) . A decrease in the pore volume and average BJH pore diameter was observed following grafting of the mesoporous shell nanoparticles ( grafting are known to exhibit relatively poor stability in water generating reactions [25] [26] [27] [28] , and in common with the literature our PrSO 3 H/Fe 3 O 4 @SiO 2 @mSiO 2 catalyst does exhibit a significant drop in propionic acid conversion from 90% to 51% after the second run ( Figure S6) , either due to the instability of propyl sulfonic acid groups (although minimal S leaching was observed by elemental analysis), or strong adsorption of organics within mesopores restricting the accessibility of sulfonic acid. Future work will therefore explore the impact of mesopore diameter (employing poragens and different hydrothermal ageing protocols [29] ) on reactivity, and co-condensation routes [21] to improve the thermochemical stability of incorporated sulfonic acid.
CONCLUSIONS
In summary, we have demonstrated the first synthesis and catalytic application of magneticallyseparable nanoparticles possessing mesoporous sulfonic acid functionalized silica shells.
Mesoporosity affords higher sulfonic acid loadings and far superior activity towards propanoic acid esterification than possible employing conventional, non-mesoporous sulfonic acid silica shells, and a catalytic performance comparable to or exceeding that of non-magnetic mesoporous sulfonic acid silicas (the latter of course cannot be readily separated from reaction media). The choice of sulfonate grafting methodology strongly influences both sulfonic acid loadings and corresponding esterification activity, with hydrothermal saline promoted grafting doubling the specific activity with respect to the conventional grafting route.
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Material synthesis, experimental details, XRD, FTIR, porosimetry, TGA-MS, XPS and additional reaction data is available.
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